The effects of irrelevant speech were examined on a range of memory tasks. A missing-item task, which relied on a nonserial strategy for recall, proved less sensitive to the effects of irrelevant speech than one calling on memory for serial order. The finding that the effect of irrelevant speech both on a recognition task and on a paired-associates task was modified significantly by articulatory suppression further suggested that memory for serial order is the dominant feature of these tasks and that it renders them vulnerable to disruption by irrelevant speech. Taken together, the results of the experimental series support the notion that tasks involving memory for serial order are particularly susceptible to disruption by irrelevant speech. These and other findings converge on the notion that interference with information processing by irrelevant sound is based on similarity of process rather than similarity of content.
Explication of the effect should therefore inform models of the interplay of attention and memory (see Cowan, 1988 Cowan, , 1995 , for general reviews), especially the degree to which auditory stimuli are processed in memory without conscious awareness. Third, any interference is likely to be the result of the confluence of information from two separate sensory modalities, and hence the interference is not from masking at a peripheral level within the perceptual system. Rather, it is likely to reveal aspects of the cognitive architecture relating in particular to those functional characteristics common to auditory and visual-verbal processing.
The understanding of the characteristics of the types of sounds that determine the irrelevant speech effect is reasonably well advanced. The effect is not restricted to speech because tones and musical stimuli produce it also (Hellbrtick & Kilcher, 1993; Jones, Macken, & Murray, 1993; Klatte & Hellbrtick, 1993; Salam6 & Baddeley, 1989) , so the term irrelevant speech effect is something of a misnomer, so much so that henceforth we shall refer to it as the irrelevant sound effect. A further characteristic of the effect is that a repeated irrelevant sound (steady-state sound) produces much less disruption than a sequence of sounds containing different stimuli (changing-state sound) . It is argued that a stimulus mismatch between successive members of a segmented series of irrelevant sounds is represented in memory in the form of a sequence of objects coupled to linkages that represent the order of presentation of the objects. Conceptually this is known as the changingstate hypothesis: Stimulus mismatch in the irrelevant stream contributes to the representation of sedation in memory through interobject linkages. The mismatch is greater in a changing-state series (see Jones & Macken, 1995d; Jones et al., 1992) , and the resulting irrelevant sound effect stems from a conflict with linkages from other sources, in particular those associated with serial order information in memory. A pivotal feature of the irrelevant sound effect is that it is particularly evident in tasks that involve the maintenance of serial order; essentially this arises because two conflicting sets of linkages---one from the stimulus mismatch in the auditory stream and the other from serial order information in memory--are present in the same representational space. By this argument, greater degrees of disruption from irrelevant sound will be found for tasks formally calling for serial recall or indeed for any task in which serial order information must be preserved.
Four lines of evidence suggest that the effects of changingstate stimuli are particularly marked on the process of maintaining serial order. The first is that the effect of irrelevant sound is as great during an interval of covert rehearsal as it is when the irrelevant sound is confined to the presentation of the to-be-remembered stimuli (Miles, Jones, & Madden, 1991) ; this suggests that the effect does not take place at the encoding stage, but during the process of rote rehearsal in memory. A second line of evidence is that tasks that are ostensibly devoid of a serial order component are less sensitive to the effect of irrelevant sound. Hence, there is typically only a small effect of irrelevant sound on freerecall tasks (Richardson, 1984; Salam6 & Baddeley, 1990; Whiteley & Walker, 1991) and on a range of attentionally demanding nonmemory tasks (e.g., the five-choice serial reaction task; see Morris & Jones, 1990a) .
The third line of evidence comes from an examination of the elements in a memory updating task. In this type of task, participants are presented with a sequence of items of unpredictable length; they are asked to remember a cohort of the last few in the series and to update the cohort as the series unfolds. Two apparently independent factors contribute to the difficulty of this task. One is associated with the number of times the rehearsal cohort is updated (which is manipulated by the length of the stimulus sequence); the other is related to the number of items in the rehearsal cohort (which is manipulated by instruction). Irrelevant sound produces significant deterioration on only the second of these components, which again suggests that the degree of involvement of serial order memory is a crucial factor (Morris & Jones, 1990b) .
The fourth line of evidence relates to findings from a type of missing-item task in which, for example, a list of all but one of the integers from 0 to 9 is presented and the participant is required to report the missing one. The missing-item task is markedly less disrupted by irrelevant tones than is serial recall of the digit strings . It is argued that memory for serial recall is not the dominant feature of the missing-item task, but is the main element of the serial recall task. As predicted by the changing-state hypothesis, the effect of irrelevant sound is more marked on the task in which memory for serial order is encoded (the serial recall of strings) than on the task for which serial order is not dominant (the missing-item task). Abstractly, these experimental results suggest that the process of disruption is akin to a conflict of order cues, one from the changing-state auditory stimuli and the other from serial order cues established by the volitional rehearsal of the to-be-remembered items (see Jones, Beaman, & Macken, 1996 , for a general discussion). The main alternative theory--developed within the working memory framework by Baddeley (1982, 1989 )--suggests that interference by irrelevant sound occurs because of the phonological similarity between items from the auditory stream and those being rehearsed. This theory does not make a specific prediction about the influence of the nature of the task, however.
The demonstration of irrelevant sound effects on freerecall, paired-associates, and recognition tasks (LeCompte, 1994 ) is a significant challenge to the notion of changing state and has served as the imperative for the current series of experiments. We try to account for the apparent contradiction between the outcomes of the l.eCompte (1994) series of experiments and the predictions of the changing-state hypothesis by exploring irrelevant sound effects in a range of tasks. In the first part of the current experimental series, we further examine the effect of irrelevant sound on the missing-item task. We argue that rote rehearsal is not the dominant strategy in this task and hence that the task should be relatively insensitive to disruption by irrelevant sound. Later in our experimental series, we reexamine some of the tasks used by LeCompte (1994) .
Experiment 1
We used missing-item tasks in Experiments 1 and 2 of the current series to study irrelevant sound effects on the grounds that they are tasks in which recall is based largely on nonserial information and that they should therefore be relatively immune to the effects of irrelevant sound. According to Buschke (1963a) , the memory component of the missing-item task is restricted to the discovery of which item of a set was not present given the presentation of the other items in the set. This type of task "does not require retrieval by recall or recognition. It depends on knowledge of class membership, requiring the participant to report only that member of the class which was not presented" (Buschke, 1963a (Buschke, , p. 1130 . For example, when presented with "Monday, Thursday, Wednesday, Friday, Sunday, Tuesday," participants do not need to engage in active rehearsal of the items in the order they were presented to identify the missing element of the set as "Saturday." The task is therefore unlikely a priori to be based on serial order information. Participants report that they use a "checking-off" strategy that involves marking items in the list, based on the overleamed natural sequence, followed by a search of that list for an unmarked item, but that they do not rehearse the list in its order of presentation (see also Buschke, 1963b; Buschke & Hinficks, 1968; Hinricks & Buschke, 1970; Masden & Drucker, 1966) .
The hypothesis that the missing-item task is qualitatively different from serial recall tasks is supported by several lines of experimental evidence. First, it has been established that the missing-item task is immune to the effects of articulatory suppression (Klapp, Marshburn, & I.ester, 1983) , grouping (Klapp et al., 1983; Klapp & Netick, 1988) , and item repetition (e.g., Hadley, Healy, & Murdock, 1992) but that serial recall tasks are influenced by each of these factors (see, e.g., Baddeley, 1990 , for a summary of relevant research). Furthermore, in studies of task interference, missing-item tasks have been shown to be susceptible to disruption by spatial tasks while being largely immune to interference by verbal tasks; for tasks that involve memory for serial order, the pattern of interference is the opposite (Klapp & Netick, 1988) . Computational modeling using production systems and global memory models suggest two additional, relatively distinct mechanisms for the missingitem and serial recall tasks. In modeling short-term memory, a good approximation to performance for the missing-item task can be achieved without incorporating mechanisms for senation; in contrast, these mechanisms prove crucial to the adequate modeling of serial recall (Murdock, 1993 ; see also Hadley et al., 1992) .
Of course, it has already been demonstrated that performance on a missing-item task was relatively immune to disruption by irrelevant tones and that a task using the same lists but requiring serial report--for which the dominant strategy is rote rehearsal--showed marked effects of irrelevant tones . Such evidence on its own may not be sufficiently convincing support for the changing-state hypothesis, because there is a remote possibility that the effect is restricted to tones, although there is ample evidence that speech and nonspeech stimuli have similar effects within the irrelevant sound paradigm (see , 1995b , 1995c Klatte & Hellbriick, 1993) . In view of this uncertainty and of the pivotal place this finding occupies in supporting the changing-state hypothesis, further work seems warranted.
In Experiment 1 we explored the effect of irrelevant sound on two tasks: a missing-item task and a probe task. A sequence of digits was presented for the missing-item task, and at the end of the sequence the participants were asked to report the missing digit. In the probe task participants were presented with a list identical to that used in the missingitem task; at retrieval, they were presented with one of the list items and asked to report the item that followed it in the list. In addition to using the same lists for the missing-item task and the probe task, we used similar retrieval conditions in that both tasks asked the participant to report only one item. By using a serial recall task in which the whole list had to be reported, failed to observe this precaution in their study of the effect of irrelevant tones on recall. In sum, our purpose in Experiment 1 was straightforward: to demonstrate the interaction between the effect of irrelevant sound and task type by testing the prediction from the changing-state hypothesis that irrelevant sound should be markedly more disruptive for the probe task than for the missing-item task.
Method
Participants. Thirty student volunteers were paid for their participation.
Materials. We presented the stimuli in the center of a visual display unit (VDU) screen, governed by an Apple Macintosh IIvi, in 36-point Geneva font, using Hypercard software. Each list was presented with either a quiet or a spoken background. The speech background comprised five single-syllable consonant-vowelconsonant words in a male voice recorded at 8-bit resolution and at a sampling rate of 22 kHz, which were played continuously throughout the presentation of each list (a rate corresponding to roughly three per second). The two background conditions were blocked; half of the participants heard the quiet background first, and half heard the speech condition first.
Design. All participants performed 96 trials, 24 trials in each condition of a 2 × 2 design containing the factors of task type (missing item vs. probe) and irrelevant speech (speech vs. quiet). Each condition involved the random presentation of 9 of the digits from the 10-digit set 0--9 in random order. Each digit was presented for 1 s, with an interdigit interval of 0.25 s. Participants were informed before each block of trials which task they were to perform. During half of the trials in each condition the irrelevant speech material was played through the headphones. The order of presentation of the speech was determined randomly and separately for each participant; the order of presentation of the tasks was blocked and counterbalanced.
Procedure. Each participant was tested individually. The to-beremembered items were presented on a VDU screen; all sounds were presented through headphones. The tasks were explained in instructions presented on the computer screen. Participants were told that they would be presented with a series of digits that they should try to remember and that although they would sometimes hear other sounds spoken through the headphones, they should ignore these sounds. They were informed that they would at different times be required to perform one of two tasks. In the missing-item task, they were required after each stimulus sequence to recall which of the digits was not presented in that trial. In the probed recall task, participants were re-presented with one of the digits they had previously seen as part of the list together with the question "What was the digit that followed it in the list?" Each serial position was probed randomly an equal number of times per participant. In both tasks participants wrote their responses on a sheet of paper provided.
Results
The results were subjected to a 2 × 2 repeated measures analysis of variance (ANOVA). Performance in the probe task was markedly inferior to that in the missing-item task, as illustrated both by Figure 1 and by the significant main effect, F(1, 29) = 32.33, MSE = 0.037, p < .0001. The effect of irrelevant speech was manifested both as a main effect, F(1, 29) = 23.52, MSE = 0.15,p < 0.0001, and as an interaction with task type, F(1, 29) = 5.67, MSE = 0.009, p < .05. A means comparison test revealed a significant effect of speech on the missing-item task, F(1, 29) = 7.53, p < .05, but a more marked effect on the probe task, F(1, 29) = 36.97, p < .0001. The main prediction, that the effect of irrelevant speech would interact with task type, was supported, but with the initially surprising finding that the effect on missing-item tasks, though small, was nevertheless significant at the 5% level.
In sum, the pattern of results resembles closely that found by with irrelevant tones. One possible problem with the results of Experiment 1 is that a ceiling effect could have contributed to the interaction given that relatively few errors occurred in the missing-item conditions. As a means of addressing this difficulty, we performed a supplementary experiment in which the effect of irrelevant sound on missing-item performance was examined in isolation, this time with a set of items making a longer list and therefore coupled to the expectation that performance would not be at ceiling. The prediction in this case was for a small or nonsignificant effect of irrelevant sound. In view of the prediction of a null effect, we increased the number of participants to 50 in an attempt to avoid a Type II error. The type of irrelevant sound was identical to that used in Experiment 1, and the form of the task was the same save that the lists were months of the year (and hence the lists were 11 items long). Participants undertook 60 lists, 30 with irrelevant speech and 30 in quiet (auditory conditions were randomized on a trial-by-trial basis). No significant difference was found between performance in the two noise conditions, F(1,49) = 1.73, MSE = 0.01,p > .05. The mean recall probability in the quiet condition of .35 (SD = .13) is comparable to the mean recall probability in the speech condition of .33 (SD = . 14).
These results suggest that irrelevant sound is selective in the disruption of serial short-term memory tasks and does not have a strong effect on tasks that require memory simply for an individual missing item. Given the relatively large number of participants and the within-subject design, it is unlikely that the nonsignificant effect found is the consequence of a Type II error.
In this supplementary experiment, irrelevant speech produced a small but significant effect on the missing-item task, whereas in Experiment 1 there was a small but nonsignificant effect on the missing month task. One possibility is that with a shorter list (9 items, instead of 11 items as in Experiment 1) there is a greater inclination to use a rote rehearsal strategy in the missing-item task. Notwithstanding this issue of significance, analytically both experiments point to the same conclusion: The effect of irrelevant speech is markedly greater on probed recall than on the missingitem task.
Reports from participants suggested that although the checking-off strategy was predominant, some participants tried a range of other strategies, among them rote rehearsal. It seems appropriate, therefore, to think of a dominant strategy, rather than an exclusive one, when considering the way in which the missing-item task is undertaken.
Although Experiment 1 speaks to the relative strength of the effect in the two types of task, it is not very illuminating about the processes that underpin the differential effect of irrelevant sound. In Experiment 2 we began to explore the likely strategies deployed in the two tasks; Experiment 2 also afforded a further opportunity to demonstrate the interaction of irrelevant sound with task type. Two possible strategies are available to the participants in a missing-item task (Yntema & Trask, 1963) : They may choose to mentally exclude each item from the list of stimulus items as they are presented--a checking-off strategy--in which case the test is one of item memory and does not involve a serial order component, or they may choose to rehearse the items as they are presented and compare this list of items with the overleamed list retrieved from long-term storage. Informal verbal protocols taken from the participants after the experiment suggested that most relied on the first strategy. This is clearly also the most cost-effective strategy computationally because it relies on ovedearned knowledge from the outset rather than on short-term storage of a sequence presented once, which then must be compared to the overlearned sequence. A stronger test of the idea that the absence of a significant irrelevant sound effect may be directly attributed to a particular type of mnemonic strategy would be to induce the strategy directly by giving participants information in a form that constrains the strategies they might use.
Experiment 2
The general approach we adopted in Experiment 2 was to contrast the effect of irrelevant sound on two variants of the missing-item task, one in which the stimulus set was learned in a fixed order and one in which the stimulus set was learned in a random order. Only in the latter case, we argued, should there be an appreciable irrelevant sound effect. Knowing the items but not having an order in which to place them will compel the participant to resort to encoding serial order cues and hence increase the susceptibility to disruption by irrelevant sound; in contrast, having a long-term representation of the serial order of the items will allow the participant to use a checking-off strategy, and hence performance will be less vulnerable to disruption by irrelevant sound. Implicitly, it is assumed that long-term representations are relatively invulnerable to transient environmental changes such as irrelevant sound.
Experiment 2 was essentially a replication of the missingitem condition of Experiment 1 with the exception that the participants were familiarized with the stimulus set in a training session before the experiment proper. The participants experienced the set either in random order (which meant that they could not draw on a fixed-order representation in memory for the missing item) or in a fixed order (which was functionally similar to the digit sequences or months of the year).
Method
Participants. Forty undergraduate students took part in this experiment, for which they were paid a small honorarium. None had taken part in the previous experiment. Twenty were assigned to a group that would learn the category members in random order, and 20 were assigned to a group that would learn the category membership in fixed order.
Materials and design. The stimuli were taken from the nine most frequent responses to the category of "buildings where refigious services may take place" compiled by Battig and Montague (1969) . The irrelevant speech presented was identical to that used in Experiment 1.
Procedure. In the random-order group, participants were familiarized with the set from which stimuli were taken by sequential presentation of the names of the nine religious buildings in random order. Each participant was presented with the sequence five times; for each presentation, the order of the sequence was randomized. In the fixed-order group, participants were familiarized with the set from which the stimuli were taken by sequential presentation of the names of the items on the list in alphabetical order. Each participant was presented with the sequence five times, with the instruction to learn the items in sequence.
Results
Scores representing the probability of correct recall were subjected to an ANOVA, with learning conditions (random vs. fixed order) as a between-subjects variable and auditory condition (quiet vs. irrelevant speech) as a within-subject variable. There was a strong deleterious effect of irrelevant speech, F(1, 38) = 18.86, MSE = 0.09, p < .0001. There was no statistically significant effect of learning conditions, F(1, 38) = 0.032, MSE = 0.40, p > .05, but as Figure 2 illustrates, learning conditions and auditory conditions interacted significantly, F(1, 38) = 7.37, MSE = 0.01, p < .01. The effect of irrelevant speech was greater with the items learned in random order than with the items learned in fixed order. Part of this interaction was contributed to by the surprising decrease in performance in the silent conditions for fixed learning, however.
An F test of the effects of irrelevant speech restricted to the fixed learning condition yielded a nonsignificant value, F(1, 19) = 1.41, MSE = 0.01, p > .05. Similar tests of the random-order condition showed a significant effect of irrelevant speech, F(1, 19) = 23.63, MSE = 0.01,p < .0001.
Marked disruption by irrelevant speech in the random list-leami'ng condition contrasts with a relatively small effect in the ordered learning condition. This is what was predicted based on the expectation that the ordered learning conditions would not involve serial order information but would provide the participant with an ordered set of items from which he or she could retrieve the missing item by checking off those items that had appeared in a list.
Conceptually, therefore, these results are consistent with the idea that when the items were learned in order, participants were drawing on a preexisting ordered structure to support their attempts to identify the absent item, whereas when the lists were learned in random order, participants were forced to rely on a temporary representation of serial order, which proved to be much more vulnerable to the effects of irrelevant sound. Of course, the evidence for this position is necessarily indirect, and the fact that performance levels across tasks were roughly similar might be taken to imply that differences in strategy should not be inferred.
Taken together, the first two experiments of the present series point to the susceptibility of the serial order component of short-term memory to disruption by irrelevant sound. Experiment 1 showed an interaction of task type with irrelevant sound; the disruption was more marked on a probe memory task (complemented by a supplementary experiment that showed a small and nonsignificant effect on missing-item memory with a large number of participants). In Experiment 2 an interaction between task type and irrelevant sound was again found; the disruption was greatest in the version of the task that induced a serial rehearsal strategy. The results of the first two experiments of this series thus far are consistent with the changing-state hypothesis and with the results of .
Although the evidence thus far is consistent with the changing-state hypothesis, it does not address directly the demonstrations by LeCompte (1994) that a wide range of tasks, apparently free of the requirement for serial rehearsal, also demonstrate an irrelevant sound effect. It is to these demonstrations we now turn.
Experiment 3a
The argument that unites the second half of the present series of experiments is that, for each of the different tasks used in LeCompte's (1994) study, memory for serial order was in fact the dominant strategy. Although in LeCompte's study the tasks were nominally different from serial recall--free recall, paired-associates recall, and recognition memory--the nature of the material lent itself to being memorized in serial order and hence, according to the changing-state hypothesis, was susceptible to disruption by irrelevant sound. The tactic we used in Experiments 3 and 4 was to attempt to demonstrate that serial order processing was a dominant feature of these tasks. In Experiment 3 we re-explored the irrelevant sound effect demonstrated by LeCompte (1994) on a recognition task. This demonstration might be considered problematic for the changing-state hypothesis in the sense that it does not call for a sequence of items in the response; rather, it calls for the recognition of a single item, which might imply the use of nonserial memory.
The rationale used in Experiment 3 was that because of the relatively short list length, coupled with the use of a retention interval of 5 or 8 s, the dominant mnemonic strategy in the task used by LeCompte (1994) would lead to the preservation of serial order by rote rehearsal. We explored this possibility by using articulatory suppression to minimize the use of rote rehearsal. Serial recall is thought to be underpinned by a rehearsal mechanism, possibly some kind of "loop" whose behavioral manifestation is the covert repetition of items, which maintains the integrity of the to-be-remembered material, particularly its order, over a retention interval (see Baddeley, 1986 ; but see also Cowan et al., 1992; Neath & Nairne, 1995) . Occupying this loop by articulatory suppression should have a damaging effect on any task for which serial rehearsal is the primary mnemonic strategy and, specifically, on the recognition task used by LeCompte (1994) . Moreover, by suppressing rote rehearsal it should be possible to minimize disruption by irrelevant sound. In the experiment that follows, we examined the effects of articulatory suppression and irrelevant sound, taken both alone and together, on the task used by LeCompte (1994, Experiment 5c).
Me~od
Participants. The participants were 24 student volunteers who were paid a small honorarium for taking part. All participants reported normal hearing and normal (or corrected-to-normal) vision.
Materials. The stimuli were 512 four-, five-, and six-letter words, each with a Kucera and Francis (1967) written frequency of at least 50 per million. These words were randomly sorted into 64 lists of eight words each; no word was repeated. Another 64 words of equal written frequency were also chosen as lures. The auditory conditions consisted of silence or a sequence of 11 single-syllable nonwords (chun, drike, foon, gluck, jerf, lape, nost, plew, stap, ta~ vux) spoken in a male voice and played in a continuous loop.
Design. Each participant saw the 64 lists in the same order. For each participant 1 of the 64 lure words was also chosen randomly for each list. No lure word was repeated. Each serial position was tested eight times, four times within the speech condition and four times within the quiet control condition. The order in which the background conditions were presented was blocked and counterbalanced.
Procedure. The participants were tested individually. Each participant was seated in front of a VDU screen. All sounds were presented through headphones worn by the participant. The task was explained to participants in instructions presented on the computer screen. The instructions stated that the participants were to remember lists of words and that although they would sometimes hear words spoken through the headphones, they should ignore them.
For each list, each of the eight words remained on screen for I s and was then replaced by the next word. Following each list, there was an 8-s delay, after which participants were presented with two words side by side, one of which was a word from the list and the other of which was a lure word. Participants were required to use the computer mouse to click on the word they believed was part of the previous list. The mount of time for response was unlimited. The left-fight order of the target and lure words was determined randomly and separately for each participant.
The experiment used a 2 × 2 design. Half of the lists were undertaken with articulatory suppression--participants were asked to repeat aloud the alphabetical sequence of letters from A through G during the presentation of the list items and in the interval before the presentation of the target and lure words--and the other half of the lists were undertaken without articulatory suppression. The articulation conditions were blocked. Within each block, half of the lists (32) were presented with a speech background, which began at the onset of the first list item, continued through the list presentation and the 8-s delay, and ended as the target and lure words were presented. The presentation of speech was randomized from trial to trial.
Results
Correct recall probabilities were cast into a 2 x 2 repeated measures ANOVA. The main effect of irrelevant speech was not significant, F(1, 23) = 1.31, MSE = 0.009, p > .05, but articulatory suppression depressed performance significantly, F(1, 23) = 16.12, MSE = 0.02, p < .0005. As expected, irrelevant speech and articulatory suppression interacted significantly, F(1, 23) = 8.18, MSE = 0.008,p < .01, but not in the way predicted at the outset, as Figure 3 shows. In the nonsuppression conditions, the effect of irrelevant speech was to depress performance, but nonsignificantly so, F(1, 23) = 1.40, p > .05; however, in conditions of articulatory suppression, the effect of irrelevant speech was to improve performance, and significantly so, F(1, 23) = 8.18,p < .01.
This unexpected pattern could have arisen in a number of ways, and one of the more probable explanations is some kind of contamination that was due to the use of a repeated measures design. Because of this possibility we conducted another experiment using an independent groups design.
Experiment 3b
Experiment 3b repeated Experiment 3a exactly except that the contrast between control and articulatory suppression conditions was between subjects.
Me~od
Participants. Forty students volunteered to participate for either a small honorarium or course credit. None had participated in
Suppression Condition
tions of Experiment 3b, and there is some risk that these conditions were subject to a ceiling effect. However, the pattern of interaction was the same as that in Experiment 3a, in which the level of performance, though high, was substantially lower.
Without further detailed experiments, any explanation of the outcome would be post hoc. One possible explanation is in terms of strategy switching (see also Brandimonte, Hitch, & Bishop, 1992) . The marked effect of articulatory suppression suggests that rote rehearsal is the dominant strategy for the task undertaken in normal conditions and that introduction of irrelevant speech in addition to articulatory suppression forces the participant to use a nonrote strategyw possibly simple passive processing--that has a relatively beneficial effect on performance. Another possibility that was not checked on is that the intensity and duration of articulatory suppression are different under irrelevant speech. The specific explanation of the outcome of Experiments 3a and 3b is perhaps less important than the fact that articulatory suppression significantly modifies the response to irrelevant sound, via, it is assumed, articulatory control processes associated with rehearsal.
The results of Experiment 3 suggest that this action of articulatory suppression had a major effect on the recognition task used by LeCompte (1994) and significantly modified the effect of irrelevant sound. Of the demonstrations included by LeCompte (1994), we regard the effect of irrelevant sound on paired-associates learning as the most Figure 3 . Experiment 3a: Correct probability under irrelevant speech and artieulatory suppression conditions with a withinsubject design. Experiment 3a. All reported normal hearing and normal (or corrected-to-normal) vision.
Materials and "procedure. These were the same as for Experiment 3a with the exception that 20 participants were assigned to a control group that was free to rehearse and 20 participants were assigned to the artieulatory suppression group. Both groups were tested in quiet and irrelevant speech conditions in randomized order, as before.
Results
Correct probabilities were subjected to a mixed (withinbetween-subjects) 2 × 2 ANOVA. The pattern of results was strikingly similar to that of Experiment 3a: The effect of irrelevant speech was not significant as a main effect, F(1, 38) = 1.01, MSE = 0.001, p > .05; but the effect of suppression was significant both as a main effect, F(1, 38) = 31.49, MSE = 0.003, p < .0001, and as an interaction, F(1, 38) = 12.82, MSE = 0.001, p < .001. As Figure 4 shows, the pattern of results is more or less the same as in Experiment 3a, the only major difference being that the overall level of performance was markedly higher in Experiment 3b.
In Experiment 3b the pattern found in Experiment 3a was repeated. In the presence of articulatory suppression, irrelevant speech has a beneficial effect. The level of performance was particularly high in the no-suppression condi- Figure 4 . Experiment 3b: Correct probability in the recognition of words under irrelevant speech and artieulatory suppression conditions with a between-subjects design. di~cult for the changing-state hypothesis to explain. In Experiment 4 we examined the paired-associates task used by LeCompte (1994) , and we argued, just as we did for the recognition task, that the main strategy used in the task was rote rehearsal and that this in turn made it vulnerable to the effects of irrelevant sound.
Experiment 4
In Experiment 4 we used articulatory suppression to occupy the articulatory rehearsal system, which participants would otherwise use to rote rehearse verbal material (Baddeley, 1986; Salam~ & Baddeley, 1982) . The particular task adopted for studymthe recall of paired associates--was that used by LeCompte (1994, Experiment 6) to support the view that nonserial memory processes were susceptible to the effects of irrelevant sound. LeCompte (1994) regarded his results with this task as the strongest demonstration of the fact that tasks other than serial recall are susceptible to irrelevant sound.
The purpose of Experiment 4 was twofold. First, we wanted to show that this particular form of paired-associates task had a strong component of rote rehearsal by demonstrating effects of articulatory suppression on it. Second, we hoped to demonstrate the interaction of irrelevant sound with articulatory suppression by showing that the effect of irrelevant sound would be markedly diminished when the rehearsal mechanism was engaged by articulatory suppression.
Me&od
Participants. Forty-eight undergraduates volunteered to participate in return for a small honorarium. All reported normal hearing and normal (or corrected-to-normal) vision. Each participant was assigned on a random basis to one of two groups, one to undertake the task with articulatory suppression and the other to act as a control group with no atticulatory suppression.
Materials and design. The stimuli were 648 four-, five-, and six-letter words, each with a Kucera and Francis (1967) written frequency of at least 50 per million, selected randomly. The words were randomly paired, and the pairs were randomly assigned to 36 lists of nine pairs each. The words were presented to each participant in the center of an Apple Macintosh computer screen in 36-point Geneva font. For each pair, the left-hand word was typed in lowercase letters, and the right-hand word was typed in uppercase letters. Each participant saw the same lists in the same order.
The two background conditions were speech and quiet. The speech condition consisted of nine distractor items randomly selected from a list of pronounceable nonwords. The nonwords were chun, drike, foon, gluck, jeff, , lape, hOSt, plew, stap, tarfi, and vux (as in Experiment 3) . They were recorded in a male voice and digitized as in the previous experiments. The sound was played in a continuous loop throughout the presentation phase at a rate of one item per second.
The increase in the number of irrelevant words presented was a departure from the procedure of LeCompte (1994) . In a pilot study with 44 participants we used the same irrelevant speech used by LeCompte (1994) and failed to find a significant effect of irrelevant speech, either as a main effect, F(1, 43) = 1.06, MSE = 0.39, p > .05, or as an interaction of irrelevant speech with serial position, F(8, 344) = 0.47, MSE = 0.32, p > .05. Bridges and Jones (in press ) have shown that the disruption by irrelevant speech is proportional to the number of segmentable words in the irrelevant stream. This result suggested that we might be able to replicate LeCompte's finding by increasing the number of words in the irrelevant speech stream. One side effect of this change in procedure was that the irrelevant speech was not synchronized to the presentation of the visual stimuli, as was the case in LeCompte's (1994) study. However, experiments in which synchrony has been manipulated directly suggest that it is not an important determinant of the irrelevant sound effect (Jones, 1994; Salam6 & Baddeley, 1982) .
Half of the lists (18) were randomly assigned to the speech condition; the other half (18) were assigned to the quiet condition. Probe memory at each serial position was tested four times, twice in the irrelevant speech condition and twice in the control condition. The serial position to be tested was determined randomly and separately for each participant.
Procedure. Participants were seated in front of a computer and instructed that they would be presented visually with lists of pairs of words on the computer screen which they were to try to remember. They were told that they would also hear words and sounds presented through headphones which they should ignore. All participants were tested individually.
For each list, each pair of the nine pairs of words remained on the screen for 1.5 s and was then replaced by the next pair. Immediately following each list, the left-hand word from one of the pairs was re-presented on the left of the screen together with the question "What was the target word that appeared with the cue word shown on the left?" Participants were allowed 8 s to respond to this question by writing down their answers before the next list began.
The participants in ~the articulatory suppression group were asked to repeat aloud the alphabetic sequence from A through G continuously throughout the presentation phase of the experiment, at a steady rate of approximately one letter per second.
Results
Correct scores were subjected to an ANOVA, with articulatory suppression as a between-subjects factor and auditory conditions (quiet vs. irrelevant speech) as a withinsubject factor. The results took their predicted form. There was a significant main effect of articulatory suppression, F(1, 46) = 20.80, MSE = 0.13, p < .0001, reflecting an overall decrease in recall probability when participants had to articulate; there was also a significant main effect of irrelevant speech, F(1, 46) = 18.31, MSE = O.06,p < .0001. However, the effects of irrelevant speech interacted with suppression conditions, F(1, 46) = 8.40, MSE = 0.61, p < .005. Figure 5 illustrates the form of the interaction, the effect of irrelevant speech being marked under conditions of no articulatory suppression but only minor when articulatory suppression was being used. The results are in the form that was predicted by our analysis of the likely strategies used in the paired-associates task studied by LeCompte (1994) and are in accord with the predictions of the changing-state hypothesis.
It is possible to argue that articulatory suppression provides an extra irrelevant speech stream that should increase disruption of performance (e.g., Gupta & MacWhinney, 1995) in the quiet condition. With regard to the present experiment, it should be clear that the headphones worn by participants throughout all conditions would also serve to The effects of articulatory suppression on the correct probability in the recall of paired-associates responses in quiet and irrelevant speech conditions. attenuate any auditory feedback arising from articulatory suppression. In fact, there is strong evidence to show that the presence of another voice will make no material difference to the extent of the irrelevant sound effect as long as it forms a coherent and identifiable stream, except perhaps to increase the disruption slightly, as has been demonstrated in a parametric analysis of the effect of the number of voices on serial recall (Jones & Macken, 1995a) . Clearly, Experiment 4 suggests that suppressing articulation in this particular version of the paired-associates paradigm results in a very small and nonsignificant irrelevant sound effect, F(1, 23) = 2.09, MSE = 0.03, p > .05.
General Discussion
It may be useful to summarize the results of the foregoing series of experiments before embarking on a discussion of their general implications. The first two experiments used different versions of the missing-item task; their findings converged to support the changing-state hypothesis. When missing-item recall and probe recall were compared directly in the missing-digit task, there were statistically significant degrees of disruption on both versions of the task, but disruption was markedly greater on the probe version of the task (Experiment 1), just as found with irrelevant tones. That there was a small and nonsignificant effect of irrelevant sound on a more difficult version of the missing-item task (which used missing months) in a supplementary experiment demonstrated that the interaction was unlikely to have stemmed from a ceiling effect. In Experiment 2, two versions of the missing-item task were compared: one that allowed the participants to capitalize on the fixed serial order in which the stimuli had been learned prior to the test, so that they could perform the task with a checking-off strategy, and the other in which the items were learned in a random order for which it was assumed that a serial rehearsal strategy was the dominant one. There was substantially more disruption by irrelevant sound on the latter version of the task.
In the second half of our series of experiments, we studied some of the tasks used by LeCompte (1994) . Two experiments showed that articulatory suppression considerably modified the effect of irrelevant sound on memory. In the control conditions of Experiment 3, irrelevant sound exerted a modest deleterious effect on recognition memory, but in the presence of articulatory suppression the effect of irrelevant sound was beneficial. The improvement in performance is difficult to explain, except possibly by some post hoc reference to changes in strategy. Because LeCompte (1994) regarded the effect of irrelevant sound on paired associates as a particularly telling demonstration of the generality of the effect, we undertook an experiment using the paired-associates task. Experiment 4 used a pairedassociates task and again showed an interaction between irrelevant sound and articulatory suppression; in this experiment the effect of articulatory suppression was to diminish markedly the disruptive effect of irrelevant sound.
The current series of experiments has stopped short of pinpointing the precise circumstances in which serial order information is featured in tasks such as paired-associates learning, free recall, and recognition. Without extensive parametric studies it would be difficult to be sure which combination of factors makes these tasks vulnerable to disruption by irrelevant sound. However, a number of candidate factors can be suggested. For example, tasks with relatively short lists, or lists that are composed of short words that are unrelated, seem to be likely candidates. Almost all of the tasks used by LeCompte (1994) demonstrate one or more of these characteristics, but without further experiments it is difficult to be sure precisely which of these combine to contribute to the effect. Certainly, from what is known of the free-recall task, list length seems important: Shorter lists may lead to a reliance on serial order information, a tendency that would account for the relative immunity of long lists in free recall to disruption by irrelevant sound (LeCompte, 1994; Salam6 & Baddeley, 1990; Whiteley & Walker, 1991) . As reported by Salam6 and Baddeley (1990) , irrelevant sound appears to have no effect on long (16-item) lists. This null effect of irrelevant sound was replicated by LeCompte (1994, Experiment 3) , who suggested that with long lists, participants were less reliant on a serial rehearsal strategy and that therefore irrelevant sound had little effect. But as LeCompte (1994) pointed out, an irrelevant sound effect can occur with 16-item lists when the test is one of recognition, not recall. One plausible explanation that is based on a reexamination of the experimental procedures is that in cases in which list length was particularly great and no effect was found, recall was tested immediately following presentation of the to-be-remembered material (LeCompte, 1994; Richardson, 1984, Experiment 3; Salam6 & Baddeley, 1990) . When an effect was found with 16-item lists (LeCompte, 1994, Experiment 5b) , recognition was tested after a 5-s retention interval during which irrelevant sound was played. It is possible, therefore, that participants used rote rehearsal processes during an otherwise unoccupied retention interval, which thereby led to the coding of serial order information that contributed to the irrelevant sound effect.
What process is common both to material rehearsed within memory and to changing-state stimuli that might serve as the basis of interference? The effect must be one of a conflict of processes, because there is no evidence that the similarity of auditory tokens to those in the rehearsal cohort--at either a phonological or semantic level---determines the degree of disruption (see e.g., Buchner, Irmen, & Erdfelder, 1996) . Our view is that a common process of seriation is the crucial factor, a conclusion to which we hold more steadfastly in light of the results of the current experimental series. Let us polarize the distinction between steady-state and changing-state stimuli: Steadystate stimuli form a single representation, whereas changingstate stimuli form multiple representations, organized into streams bound, we have assumed, by linkages that embody the serial order of the stimuli. The sensitivity of memory tasks involving rote rehearsal is explained by supposing that here too linkages are required (Jones, 1993) . Conflict between the two sets of linkages forms the basis of interference, possibly by increasing the difficulty of traversing the storage space when retrieving material in serial order (see Jones, Beaman, & Macken, 1996 , for a more detailed account). Just how this conflict occurs has not been fully worked out, but it is important to acknowledge that this adherence to the notion of linkages should not be taken to indicate that we embrace the idea that serial meroory is wholly accounted for by serial association. The important conclusion is that disruption by irrelevant sound is based on conflict of concomitant processes, rather than on the content of the auditory stream.
Although the changing-state hypothesis emphasizes the disruption of serial order, it predicts nevertheless that, as a logical necessity, the effects of irrelevant sound will be to increase both item and order errors (see Jones, Beaman, & Macken, 1996) . Typically, in a verbal serial recall task, the list items are overlearned, which means that few errors will be of the type where the item is forgotten; indeed, most errors in such tasks will be ones of order. However, if the participant attempts to learn a long list of unfamiliar items using rote rehearsal, loss of order information from within the cohort of items being rehearsed will increase the likelihood that an item will be dropped from the cohort, which in turn means that the item will not be reported. Therefore, loss of order information during rehearsal can lead to increased item error. It is well established that the effect of irrelevant sound does not occur during the encoding process (Miles et al., 1991) ; rather, the changing-state hypothesis suggests that order information is lost during the maintenance rehearsal stage of processing, which will have consequences for item recall as well as order recall (see also Estes, 1972; Lee & Estes, 1981) . So the generalization that "interference is based on disrupting the order of events, and that order cues from the irrelevant sound may be in conflict with those generated by the process of rehearsal in memory" (Jones, 1993, p. 92) applies not only to serial recall paradigms but also to a range of recall and recognition tasks.
In the remaining part of the article we touch briefly on the impact of the study of irrelevant sound on the understanding of memory in particular and cognition in general. This discussion is timely in view of the recent amount of work on the topic and is an attempt both to chart the progress that has been made and to identify the issues requiring further examination.
Can Changing State Be Specified A Priori?
Perhaps the most problematic feature of the changingstate hypothesis is in the specification of change. At present, change is conceived, somewhat crudely, as the degree of mismatch between successive elements (stimulus mismatch) yielded by the process of correlation. The notion of correlation in representation of items in memory is not new; for example, it is implicit in the notion of convolution, as used by Murdock (see, e.g., Murdock, 1993) . The changing-state hypothesis, in its current inchoate form, predicts that, as the signal-to-noise ratio of the items in the auditory stream is increased, the degree of disruption will increase monotonically. Further, because different classes of material are more distinct from one another acoustically, it is predicted that functions relating the signal-to-noise ratio to disruption will be steeper for classes of sound such as a sequence of syllables than for a sequence of cello notes. We have been exploring this possibility in a range of experiments using a digital signal processing technique to produce the noise, and the initial results are in line with predictions (Jones & Macken, 1995b) . Our claim is that changing state is a continuum that does not contain appreciable discontinuities, a claim that is in line with the evidence that the irrelevant sound effect is not susceptible to the effect of meaning (or other suprasegmental factors) and that similar effects are found with speech and nonspeech.
If we may digress for a moment for purposes of speculation, the notion of correlation of successive events is an attractive one because it yields a mechanism for storage that has interesting properties, among them being economy of storage as well as the provision of a device for keeping track of temporally extended events, or a streaming mechanism. This process is analogous to digital data-compression techniques in television-recording technology that save storage space by storing only the differences between successive frames of a sequence. For the human information-processing system, registering the differences between successive auditory events would yield a similar advantage in storage capacity; in this case, though, the correlation could also be used in the process of auditory stream analysis (cf. Bregman, 1990) , such as in keeping track of a voice from a single spatial location, the logic being that highly correlated events are likely to come from the same source.
Is Changing State a General Concept?
How do the specific effects within the irrelevant sound paradigm inform our general understanding of cognitive architecture? The assertion made earlier, that the paradigm informs us about the relation between memory and perception, bears repetition in this connection. Results from the irrelevant sound paradigm are in line with the idea that short-term memory phenomena are best regarded as an activated subset of long-term memory rather than as a distinct repository to and from which representations are transported (see also Cowan, 1988 Cowan, , 1995 . The demonstration that the damage that is due to irrelevant sound occurs in a postencoding stage testifies as much (Miles et al., 1991) . If auditory signals within the irrelevant sound paradigm are not deliberately attended, then in some sense they axe simply registered, and conventionally this could be regarded as a function restricted to the perceptual level of representation. By contrast, the processing undertaken in a serial recall task is under volitional control; moreover, the material is represented at the postcategorical level, and this would be regarded as a memorial effect. If we accept this characterization of each factor, then we have evidence of interference between two activities that are apparently at different stages in the processing chain. One of the main ways in which apparent conflict could be reconciled is by supposing that, in fact, the distinction between perception and memory is a false one and that irrelevant sound interferes with the attentional process involved in the activation of representations. Stage theories (e.g., the modal model of memory; see Baddeley, 1990 ) cope with this shift in theoretical emphasis much less well than procedural theories (e.g., Crowder, 1989 Crowder, , 1993 Kolers & Roediger, 1979) . Arguably, therefore, the results from the irrelevant sound paradigm have contributed to arguments about the appropriate general descriptions about phenomena of memory.
We may also view the results of the irrelevant sound paradigm as contributing to our understanding of auditory selective attention, a domain that has been dominated by the dichotic listening paradigm (see Wood & Cowan, 1995, for recent work) . Just as in the irrelevant sound paradigm, the main aim in the dichotic listening paradigm is to understand the extent of analysis of an unattended message. Indeed, it is possible to argue that the irrelevant sound paradigm has manifold advantages over the dichotic listening paradigm in achieving this research goal. Sometimes, but not always, participants are questioned about the content of the unattended message in diehotic listening, a factor that is likely to lead the participant to engage in tactical switching between channels (see Holender, 1986 , for a critique of the method). In the irrelevant sound paradigm, by contrast, the participant is told specifically to ignore the speech and is reassured that no test of its contents will be offered.
It seems likely also that there may be a number of masking effects in the dichotic listening paradigm that may contaminate the results. The attended channel and the unattended channel are both auditory, and to compound the difficulty of channel separation, a third auditory channel, that of the participant's voice shadowing the attended ear, is also present. Insofar as we may construe the purpose of an experiment to be one of establishing the fate of unattended auditory messages, the irrelevant sound paradigm may furnish a better account of the process than the shadowing task. However, there are several important similarities between the two paradigms that make the comparison particularly relevant. For example, the act of shadowing shares with serial recall the requirement for the preservation of order over the short term, a fact that extends the similarities with the irrelevant sound effect still further. The general conclusions from the irrelevant sound paradigm about the fate of unattended auditory stimuli are twofold. The first conclusion is that a large number of auditory streams can be represented simultaneously (see Jones & Macken, 1995a , 1995c Treisman, 1964) and the second conclusion is that these are represented in precategorical form (see Cowan, 1988 Cowan, , 1995 , for a general discussion). Given that these representations decay quickly (Cowan, Lichty, & Grove, 1990) , there will be constraints on what can be reported if attention is switched to the unattended message.
Within memory research, the emphasis within the changing-state approach on attentional characteristics, especially those that can serve as the basis for organizing sound into streams, can be deployed in a range of other settings in which memory is the main dependent variable. For example, phenomena associated with the interference by speech and nonspeech with memory for tones (Deutsch, 1970) can be accounted for successfully within an auditory streaming framework (Jones, Macken, & Harries, in press ). The auditory stream analysis could also be extended to other phenomena, including those of verbal memory, just as the effects of streaming on the basis of similarity of timing and timbre can be extended to the analysis of the suffix effect (see Greene, 1992 , for an overview), grouping effects (Frankish, 1995) , and the sandwich effect (Baddeley, Papagno, & Norris, 1990) . However, it is too early to say what particular insights can be achieved by the application of the auditory streaming analysis.
Finally, does this restriction of the irrelevant sound effect to settings in which serial information is prevalent mean that the effect has less relevance to everyday life than hitherto? Certainly, a whole range of everyday tasks calls for the temporary holding in memory of a set of ordered items, and it is now clear that the effect of irrelevant speech does not diminish with repeated presentation (e.g., Jones, Macken, & Mosdell, in press ). So, for example, tasks such as transcription are prone to disruption by irrelevant sound, although this seems to be particularly true of text that has a low approximation to English (Morris & Jones, 1991) . However, other aspects of language processing, such as tests of sentence acceptability, have been shown to be immune (Boyle & Coltheart, 1996) . The effect on proofreading is established (Martin, Wogalter, & Forlano, 1988) , but there is some indication that this is independent of the burden placed by the task on short-term memory (Jones, Miles, & Page, 1990) . Certainly, the pattern of sensitivity across tasks is not yet fully established, but it should inform models of information processing when it is complete.
